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Reaction centerBacterial reaction centers use light energy to couple the uptake of protons to the successive semi-reduction of
two quinones, namely QA and QB. These molecules are situated symmetrically in regard to a non-heme iron
atom. Four histidines and one glutamic acid,M234Glu, constitute theﬁve ligands of this atom. Byﬂash-induced
absorption spectroscopy and delayed ﬂuorescence we have studied in the M234EH and M234EL variants the
role played by this acidic residue on the energetic balance between the two quinones as well as in proton
uptake. Delayed ﬂuorescence from the P+QA
− state (P is the primary electron donor) and temperature
dependence of the rate of P+QA− charge recombination that are in good agreement show that in the two RC
variants, bothQA− andQB− are destabilized by about the same free energy amount: respectively∼100±5meV
and 90±5meV for theM234EH andM234EL variants, as compared to theWT. Importantly, in theM234EH and
M234EL variants we observe a collapse of the high pH band (present in the wild-type reaction center) of the
proton uptake amplitudes associated with formation of QA− and QB−. This band has recently been shown to be
a signature of a collective behaviour of an extended, multi-entry, proton uptake network. M234Glu seems to
play a central role in the proton sponge-like system formed by the RC protein.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Reaction centers (RC) convert light energy into chemical free
energy. This membrane protein is composed of three subunits (L, M
and H) with a total molecular weight of about 100 kDa. The 3D
structure of this model complex is known at 1.87 Å resolution [1]. In
photosynthetic purple bacteria the energy conversion is achieved
through the excitation of a dimer of bacteriochlorophyll (P) (situated
on the periplasmic side of the protein) to its singlet excited state of
lowest energy, P⁎, therefore triggering an electron transfer (ET) chain.
An electron is transferred to a bacteriochlorophyll monomer and then
in few picoseconds to a bacteriopheophytin, HA (“A” relates to one of
the two symmetrical branches formed by cofactors in the protein).
HA− is then reoxidized in about 200 ps by electron transfer to the
primary quinone, QA. The electron is then transferred to a secondary34→Leu variant; M234EH,
lamine N-oxide; P, primary
hyll dimer; QA and QB, primary
ter; Triton X-100, octylphenol
xy-5-methyl-6-hexaisoprenyl-
.
ll rights reserved.quinonemolecule, QB situated in a symmetrical position toQA in regard
to a non-heme iron atom, Fe2+. This ET process takes about 150 μs in
WTRCs fromRhodobacter (R.) sphaeroides. Indeed, this process ismuch
slower than theMarcus theory [2] would predict it to be on the basis of
the edge-to-edge distance between QA and QB (∼15.4 Å, edge-to-edge
distance). As all ET steps fromP toQA occur at amaximal rate, following
the Marcus theory (i.e. in an activation-less process), the electron
transfer process fromQA toQB is rate-limited by a “gating”process [3,4]
which is likely to be associated with proton uptake by the protein
following QA− formation [5,6]. Water molecules associated in
hydrogen-bond clusters might be involved in these processes [7–12].
It has very recently been demonstrated by a combined analysis of the
surface amino acid conservation and of hydrogen-bond network that
the reaction center functions as a proton sponge-like system [12].
The protein medium joining QA to QB can be viewed in part as a
molecular motif containing the two quinones, the Fe atom, and their
ligands. The latter consist of four histidines – L190His, L230His,
M219His, M266His – and one glutamic acid, M234Glu, which
develops two bonds with the Fe atom (Fig. 1). These ﬁve residues
are conserved in all photosynthetic bacteria. The four His are also
conserved in photosystem 2 of oxygen-evolving systems. M234Glu is
absent in photosystem 2 RCs [13]. L190His and M219His are
symmetrically bound to the Fe atom and also to QA and QB, with
which they develop H-bonds. The QA-M219His-Fe-L230His-QB “wire”
Fig. 1. Representation of the Fe-quinone region in the RC from R. sphaeroides. The 3D structure is taken from [1] (pdb 2J8C). The two quinones are represented in purple. The two
positions of QB (distal and proximal) are represented. In the dark at pH 8, the distal and proximal occupancies respectively represent 0.35 and 0.65. The L, M and H subunits are
respectively displayed in blue, green and red.
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quinone pockets [14]. In addition to this “localized” connection, it has
been suggested that broad, extended H-bond networks involving water
molecules and protonatable and polar residues on the cytoplasmic side
of the protein could also be involved in both the transient storage of
protons and also in the proton uptake associated with the formation of
both semiquinones, QA− and QB− [7,11]. All these structural motifs
may be involved in the rate-limiting process (gating) associated with
QA−→QB ET. In particular, the role of M234Glu in the proton-coupled
electron transfer reaction is still unknown [13].
In the WT RCs from R. sphaeroides, the charge recombination from
the P+QA− state occurs in about 100 ms through a tunneling ET
process directly to the PQA ground state. When the native QA
(ubiquinone10) is replaced by a low potential quinone such as
anthraquinone, or in the WT RCs from Blastochloris viridis (where
QA is a menaquinone8), P+QA− decays via a thermal repopulation of a
relaxed state of P+HA− [15–21].
The amplitudes of H+/QA− and H+/QB− proton uptake associated
with the respective formations of QA− and QB− are due to shifts of the
pKas of proteic residues interacting by coulombic effects with the
semiquinones [22,23]. Therefore, they are good probes of the internal
electrostatic interactions within the protein. Moreover, since the
dielectric constant in RCs is low [24–37], the electrostatic interactions
extend to large distances resulting into a delocalized coupling of
most of the involved protonatable residues. Recently, a signature of
the presence of such delocalized interactions has been shown to be
the high pH band (above ∼9.0) of proton uptake [9]. Indeed, this
band reveals the results of pairwise interactions displacing to higher
pH the apparent highest pKa of proton uptake. The absence of this
band in variants lacking L212Glu, L209Pro, and M266His, and its
recovery in variants modiﬁed near the QA site (M249Ala→Tyr)
suggested the involvement of a broadly distributed network of
interactions over the whole cytoplasmic side of the protein. This is in
agreement with results obtained from Fourier Transform Infrared
Spectroscopy [38–45].Because of the central position of M234Glu, lying between the two
quinones and binding the Fe atom, we have analyzed here the possible
implication of this residue in the energetic balance between both
quinone sites and therefore in the functioning of the coupled
electron/proton transfer process in the RCs. We have targeted our
study to two site-speciﬁc mutants, carrying respectively the
M234Glu→His and M234Glu→Leu mutations. The former one was
chosen in order to add a ﬁfth His in the vicinity of the Fe. The latter
was chosen as a bulky non-polar amino acid that is incapable of
developing interactions with the Fe atom or allowing a cavity that
could accommodate new water molecules.
2. Materials and methods
2.1. Bacterial strains and growth conditions
The design of the R. sphaeroides “wild type” was described
previously [46]. Construction of mutant strains harboring the
M234EL and M234EH mutations followed procedures discussed
therein [47]. The cells were grown in Erlenmeyer ﬂasks ﬁlled to 50%
of the total volume with malate yeast medium [47] supplemented
with kanamycin (20 μg/ml) and tetracycline (2 μg/ml). ZnSO4 was
present in the medium to supplement lower speciﬁcity iron in the
mutant RCs as previously mentioned [48]. The cultures were grown in
the darkness at 30 °C on a gyratory shaker (100 rpm).
2.2. Biochemical techniques
TheWT,M234ELandM234EHRCvariantswerepuriﬁedaspreviously
described [9]. For the pH titration of kinetic parameters, buffers (10mM)
were used as follows: 2-(N-morpholino)-ethanesulfonic acid (MES;
Sigma) between pH 5.5 and pH 6.5; 1,3-bis[tris(hydroxymethyl)
methylamino]propane] (Bis–Tris propane; Sigma) between pH 6.3 and
pH 9.5; Tris HCl (Sigma) between pH 7.5 and pH 9.0; 3-(cyclohexyla-
mino) propanesulfonic acid (CAPS; Calbiochem) above pH 9.5.
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The home-made ﬂash-induced absorbance change apparatus has
previously been described [49]. This apparatus was used to study the
electron and proton transfer reactions triggered by a short (~5 ns)
saturating ﬂash from a YAG laser at 532 nm.
2.4. ET kinetics
The rate constant values of the P+QB−→PQB (kBP) and P+QA−→
PQA (kAP) charge recombinations were measured at 430 nm. The
kinetics of the ﬁrst electron transfer from QA− to QB were
measured at 750 nm, in the electrochromic band-shift of the
bacteriopheophytins [50]. The kinetics of the second electron transfer,
QA−QB−→QAQBH2 were measured at 450 nm (where both semiqui-
nones have similar absorption changes), following two saturating
ﬂashes. These experiments were done in the presence of 25 μM UQ6
(coenzyme Q6; Sigma), ∼2 μM RCs and (for the second electron
transfer) 20 μM reduced horse heart cytochrome c added as an
electron donor to P+.
2.5. Proton uptake measurements
The RCs were extensively dialyzed against 50 mM NaCl, 0.03%
Triton X-100 during 36 h at 4 °C. Under these conditions, the Tris
buffer concentration was decreased below 10 μM. The proton uptake
by the RCs (∼2 μM) was measured by following the absorption
changes at 585 nm of various pH-sensitive dyes after a saturating
laser ﬂash. Bromocresol purple, o-cresol red or o-cresol-phthaleine
were used (20 μM), depending on the pH region investigated. The
signal was corrected by subtracting the response obtained under
the same conditions after the addition of the appropriate buffer to
the sample.
The proton uptake stoichiometries were measured in the
presence of 300 μM ferrocyanide and 100 μM ferrocene as an
electron donor to P+. Calibrations were performed by additions of
known amounts of HCl (1 M stock; Merck). The proton uptake
induced by the formation of QA− was measured in the presence of
terbutryn (100 μM) which prevents quinone binding to the QB site.
The occupancy of the QB site was routinely restored by the addition
of 60 μM UQ6. The observed signal (ΔH+obs) was corrected accor-
ding to equation [51]
Hþ =Q −B
h i
=
ΔHþobs − H
þ
=Q −A
 
δ + 1− δð Þ= 1 + K2ð Þð Þ
1− δð ÞK2 = 1 + K2ð Þ
: ð1Þ
[H+/QA−] is the proton uptake by the RC in the absence of QB. This
contribution arises from the fraction of RCs without QB activity (δ) and
from the QB-active RCs, which are found in the QA−QB state because of
the ET equilibrium with QAQB−. K2 denotes the equilibrium constant
[QAQB−]/[QA−QB]. It was determined from the rates of P+QB−→PQB
and P+QA−→PQA charge recombination kinetics monitored at
430 nm: K2=kAP/kBP−1 [52]. K2 varied from 45 to 1 and δ from
0.03 to 0.5 as the pH was increased from 6 to 10.
2.6. Delayed ﬂuorescence
Delayed ﬂuorescence measurements were performed by a
home-built kinetic ﬂuorometer equipped with a frequency-doubled
and Q-switched Nd:YAG laser (Quantel YG 781-10, wavelength
532 nm, energy 20 mJ, duration 5 ns) and the detector was
protected by an electronically controlled mechanical shutter
(Uniblitz VS25) [53]. The ﬂuorescence of the dimer was detected
through a combination of an IR cutoff ﬁlter (Schott RG-850) and an
interference ﬁlter (λ0=917 nm, bandwidth 20.5 nm, peak transmis-sion 65%). The free energy drop from P⁎ to P+QA−, ΔGP⁎A, was
calculated by comparison of the integrated intensities from delayed
and prompt ﬂuorescence [54]:
ΔG0
P
→
A
= kB T ln
R
FddtR
Fpdt
 kd  /f
kf  /p
 !
: ð2Þ
Here, kBT is the Boltzmann factor (25 meV at room temperature)
and ∫Fd(t)dt and ∫Fp(t)dt are the integrated intensities of delayed
and prompt ﬂuorescence, respectively. They were measured in the
same sample under identical optical and electronic conditions, with
the exception of the excitation intensity. The exciting laser light was
attenuated by calibrated neutral density ﬁlters to adjust the intensity
of the prompt ﬂuorescence to a level similar to that of the delayed
ﬂuorescence. The integrated intensity of the prompt ﬂuorescence
could be calculated from the instrument-limited (single exponential)
decay of the ﬂuorescence by ∫Fd(t)dt=A0·τ, where A0 and τ were
the amplitude and lifetime of the observed emission, respectively. kf
is the radiative rate constant [8·107 s−1 [54, 55]], ϕp is the quantum
yield of photochemical trapping [≈1.0 [56]], kd is the rate of decay
of the P+QA− precursor state of the delayed ﬂuorescence (10.0 s−1
for WT and 43.1 s−1 for the mutants at pH 8), and ϕf is the yield of
prompt ﬂuorescence [4·10−4[57,58]].
At low protein concentration, a linear region of response of the
device to incident light excitation can be achieved at very different
light intensities and any impact of self absorption is identical for
both prompt and delayed ﬂuorescence that exhibit identical
emission spectra. The RC concentration was kept low (∼1 μM) so
that it did not inﬂuence the calculated value of ΔGP⁎A. Reaction
center function in each sample was characterized by measurement
of the ﬂash-induced P+ signal amplitude and P+QA− recombination
kinetics at 430 nm before and after the lengthy delayed ﬂuores-
cence measurement.
3. Results
3.1. P+QA
− and P+QB
− charge recombination kinetics
The pH dependencies of the P+QA− charge recombination rate
constant (kAP) in the WT, the M234EH and M234EL RC variants are
displayed in Fig. 2 (top). The observed kAPs are notably increased as
compared to the WT. At pH 8, kAP values are ∼10 s−1 in the WT and
25 s−1 and 30 s−1 in the M234EH and M234EL RCs, respectively. This
acceleration of the P+QA− charge recombination has previously been
reported [48]. Interestingly, for the M234EH variant for which we
could measure the kAP in a broad range of pH, we observed a very
notable dynamics from a value of∼14 s−1 at pH 5 to∼63 s−1 at pH 11.
For stability reasons we were not able to measure kAP for the M234EL
RCs below pH 7.4. Despite this smaller range of measurement, the
M234EL RCs still display a twofold kAP increase (∼25 s−1 at pH 7.4 and
∼49 s−1 at pH 10.9).
The pH dependencies of the P+QB− charge recombination (kBP)
in the WT, the M234EH and M234EL RC variants are displayed in
Fig. 2 (bottom). kBP presents the very classical pH dependence
with a plateau (kBP ∼0.9 s−1) below pH ∼8 and a steep increase to
∼13 s−1 at pH 11.2. At variance to what is observed for the P+QA−
recombination process, in the M234EL RCs, kBP is nearly superim-
posable with the WT values in the whole pH range (6.2–11.2). In
the case of M234EH, a similar increase with pH is measured as in
WT RCs with, however, slightly higher values; kBP ∼1.2 s−1 at pH
7 and ∼20.4 s−1 at pH 11.
Both the much higher values of kAP in the variants and their more
pronounced pH dependencies suggest that the P+QA− energy level
has been destabilized in the variant proteins, leading to a charge
recombination proceeding via a thermal activated state, i.e., a relaxed
state of the P+HA− state.
Fig. 2. pH titrations of the rate constants of P+QA− (kAP) and P+QB− (kBP) charge
recombinations in the RCs (∼1 μM) from theWT (■), the M234EH (□) andM234EL (◯)
RC variants. Conditions: 2 μMRCs, 100 mMNaCl, 0.05% Triton X-100, 25 μMUQ6 for kBP,
and 50 μM terbutryne for kAP. The different buffers are described in Materials and
methods.
Fig. 3. Arrhenius plots of kAP in the RCs from the WT (■), the M234EH (□) and M234EL
(◯) RC variants. The thermodynamic parameters derived from these plots according to
Eq. (3) are presented in Table 1. Conditions: 2 μM RCs, pH 7.5, 100 mM NaCl, 0.05%
Triton X-100, 50 μM terbutryne.
Table 1
Thermodynamic parameters associated with the P+QA− charge recombination in the
M234EL and M234EH variant RCs (derived from the plots of Fig. 3; pH 7.5; T=298K).
ΔH°M (eV) (±0.005) −TΔS°M (eV) (±0.005) ΔG°M (eV) (±0.005)
M234EH 0.461 −0.127 0.334
M234EL 0.354 −0.010 0.344
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M234EL RC variants
In order to probe the above hypothesis, we measured the
temperature dependencies of kAP in the two variants in parallel to
the WT RCs. The Arrhenius plots are presented in Fig. 3. The
temperature dependence of Ln(kAP) for the WT RCs is ﬂat or even
slightly increasing as the temperature decreases, in agreement with
ET following a tunneling effect, accompanied by a negative activation
energy, as predicted by the Marcus theory [2]. At variance, Ln(kAP) for
the two variant RCs does follow a straight line displaying a positive
activation energy, revealing a thermally-activated process. It has been
proposed [19] previously that such a process can be described by the
following equation:
kAP = kd:exp −ΔG
B
M = RT
 
+ kdirect ð3Þ
where kd is the rate constant of the P+HA− decay to the ground state.
ΔG°M represents the free energy difference between P+QA− and M, a
relaxed state of P+HA−, the stabilization of which occurs in the
millisecond time range [17,20,21,57,59]. Following previous work, kd
was taken here as 2·107 s−1 [19,60,61]. kdirect, which is the directcharge recombination rate, can be neglected here, since in a
thermally-activated process (as in the case of the M234EH and
M234EL variants), the low temperature value of kdirect will be much
smaller than the room temperature rates measured here.
The thermodynamic parameters derived from these plots are
presented in Table 1. The values for the free energy barrier, ΔG°M,
determined for the M234EH and M234EL variants are 0.334 and
0.344 eV (±0.005 eV), respectively.
To obtain a full picture of the free energy states in the variants and,
therefore, an idea of the effects of the absence of M234Glu, we have
measured the delayed ﬂuorescence from the P+QA− states, which
allows a direct evaluation of the free energy gap between P+QA− and
P⁎.
3.3. Delayed ﬂuorescence from the P+QA
− state in the M234EH and
M234EL variants
The kinetic traces of delayed ﬂuorescence of RCs isolated from the
wild type and M234EL and M234EH mutants are shown at pH 8 after
ﬂash excitation at t=0 in Fig. 4. Due to the relatively small delay and
opening times of the mechanical shutter (∼20 ms), the kinetics in the
10–200 ms time range could be resolved clearly. The samples
contained 120 μM terbutryne that blocked the electron transfer
from QA− to the secondary quinone, QB, thus the charge recombina-
tion (P+QA−→PQA) remained the only way of re-oxidation of QA−.
The delayed ﬂuorescence decayed with the same kinetics as P+QA−
(the precursor state of the delayed ﬂuorescence) disappeared by
charge recombination. The times of decay of the delayed ﬂuorescence,
determined by the slopes of the traces in Fig. 4, were 2.5 (M234EH)
and 3 (M234EL) times smaller in the mutants than in the wild type.
Relating to the same RC concentration, the integrated intensity of the
delayed ﬂuorescence (∫Fd(t)dt) from the mutants was more than one
Fig. 4.Decay of delayed ﬂuorescence, Fd of the bacteriochlorophyll dimer in isolated RCs
fromwild type (WT) andmutants (M234EL andM234EH) after ﬂash excitation at t=0.
Average of 384 (WT) and 128 (variants) traces with repetition rate of 1 Hz. The kinetics
were normalized to the concentration of the photoactive RCs [1.88 μM (WT), 1.18 μM
(M234EH) and 0.89 μM (M234EL)] measured by ﬂash-induced absorption changes at
430 nm. Conditions: 1 mM Tris, pH 8.0, 0.03% Triton X-100, 120 μM terbutryne and
T=298 K.
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was 12.1 for the M234EL and 24.8 for the M234EH mutants. The
intensiﬁcation of the delayed ﬂuorescence upon mutation at M234E
to L or H indicates substantial shift of the midpoint redox potential
of the QA/QA− redox couple to more negative potentials: at pH 7.5,
90±5 mV and 104±5 mV for the M234EL and M234EH mutants,
respectively.
By measurement of the ratio of the prompt and delayed
ﬂuorescence yields, not only the shift of the free energy level of the
P+QA− state but its absolute position to that of P⁎ can also be
determined [62]. Using Eq. (1), the free energy gap, ΔGP⁎A between P⁎
and P+QA− was determined from the measured delayed and prompt
ﬂuorescence at different pH values (Fig. 5). Unfortunately, the
determination of the absolute values of ΔGP⁎A is exposed to some
uncertainties mainly due to limited range of linearity of the system.
The non-linearitymay probably account formost of the discrepancy in
ΔGP⁎A values of the wild type reported in the literature, which range
from 860 to 910 meV at pH 8.0 [53–55,63]. However, if a consistent
protocol is employed, the results become highly reproducible andFig. 5. pH dependence of ΔGoP⁎A, the difference between the standard free energies of
the excited dimer (P⁎) and the charge separated state P+QA−, determined from the
ratio of the delayed and prompt ﬂuorescence of the dimer in wild type [WT, the data
were taken from [53]] and variant (M234EL and M234EH) RCs as discussed in the text.
Conditions were the same as in Fig. 4.allow reliable comparisons between RCs from different strains. This is
supported by the pH dependence of the curves that were constructed
from average of several samples (Fig. 5). The measured offsets of the
curves of the mutants relative to that of the wild type were in
accordance with the observed kinetics in Fig. 4 at pH 7.5. The pH
dependencies were very similar for the two mutants: ΔGP⁎A was only
very weakly pH-dependent and indicated rather a slight increase
(∼6.8 meV/pH unit) than drop in the alkaline pH range. Similarly to
this result, lack of any pH dependence was reported in isolated RCs
where the native UQA was replaced by menadione [53]. This
observation was in sharp contrast to the behavior of ΔGP⁎A for the
wild-type RC which showed an opposite and larger change (decrease)
at higher pH values:−22 meV/pH unit above pH 8 [53,55]. Although
the ΔΔGP⁎A free energy difference between the mutants and the wild
type vanishes at very high pH (∼11), the corresponding rates of
charge recombination will not become identical (see Fig. 2). This
observation is the direct consequence of the different mechanisms of
charge recombination in the mutants and in the wild type. While the
charge recombination of temperature activated process (mutants)
does depend on the free energy gap, that of the tunneling mechanism
(wild type) is highly independent.
The delayed ﬂuorescence originates from thermal repopulation of
P⁎ from P+QA−. As the elevating temperature increases the thermal
repopulation, the intensity of the delayed ﬂuorescence should also
increase. According to Eq. (1), the logarithm of the integrated
intensity of the delayed ﬂuorescence as a function of reciprocal
temperature should show a straight line and the slope should give the
enthalpy change of the P+QA−↔P⁎ reaction. Indeed, the van't Hoff
plots offer straight lines in the physiological temperature range at pH
8 (Fig. 6). The two mutants have similar enthalpy changes: 329 meV
(M234EL) and 304 meV (M234EH) which are, however, signiﬁcantly
smaller than that of wild-type RC (830 meV). As the free energy
changes are 910 meV (WT), 848 meV (M234EL) and 830 meV
(M234EH), the contribution of the enthalpy changes are 91% (WT),
39% (M234EL) and 37% (M234EH). While the repopulation of P⁎ from
P+QA− is driven overwhelmingly by enthalpy change in the RC of wild
type, the entropic contribution becomes dominant in the mutants.
One can speculate that the change of one of the iron ligands by
mutation makes the native structure soften, therefore more diverse
reaction pathways are available for the P+QA−↔P⁎ transition. The
possibility of a lower Fe speciﬁcity (partly replaced by Zn) in theFig. 6. van't Hoff plots of the area of the delayed ﬂuorescence normalized to the
concentration ofwild type (WT) and variant (M234EL andM234EH) RCs throughout the
physiological temperature range. The enthalpy changes accompanying the P+QA−↔P⁎
transition were determined from the slopes: 830 meV (WT), 329 meV (M234EL) and
304 meV (M234EH). The conditions were the same as in Fig. 4.
Fig. 8. pH titration of the rate constant of the second electron transfer, kAB(2)
(measured at 450 nm) in the RCs (∼1 μM) from the WT (■), the M234EH (□) and
M234EL (◯) variants. Conditions: 10 mM Tris, pH 7.8, 100 mMNaCl, 0.05% Triton X-100
and 25 μM UQ6, 25 μM reduced cytochrome c. The different buffers are described in
Materials and methods.
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However, it must be noted here that preliminary 3D structure
determinations of the M234EL and M234EH RC variants has shown
no changes in the metal (which is present N90–95%) protein
environment (Koepke, J., Hanson, D.K., Derrien, V., Sebban, P. and
Fritzsch, G., unpublished data).
3.4. pH dependencies of the rate constant of the ﬁrst electron transfer
from QA
− to QB
The pH dependencies of the rate constant [kAB(1)] of the ﬁrst
electron transfer from QA− to QB in the WT and the M234EL and
M234EH variant RCs are presented in Fig. 7. TheWT behavior has been
described previously [64–66]. Two regimes are observed. Below pH
∼8, kAB(1) ∼6000 s−1 and is pH independent. Above pH ∼8, kAB(1)
decreases steeply reaching a value of ∼200 s−1 at pH 10.2. The
picture is completely different for the variant RCs. Both RC variants
display pH independence for kAB(1). In the M234EH RCs kAB(1)
remains ∼5000 s−1 throughout the whole pH range (7–10.7), a
value that is close to that of the WT below pH 8. The M234EL RCs
display ∼10 times smaller kAB(1) values, ∼700 s−1 over the whole
pH range 7–10.8.
3.5. pH dependencies of the rate constant of the second electron transfer
from QA
− to QB
−
The pH dependencies of the rate constant [kAB(2)] of the second
electron transfer from QA− to QB− in the WT and the M234EL and
M234EH variant RCs are presented in Fig. 8. The two variants present
the same behavior as the WT RCs but with slightly reduced kAB(2)
values. Indeed below pH ∼8.5 the kAB(2) values follow a plateau
(∼700 s−1 and 150 s−1 respectively for the M234EH andM234EL RCs
and ∼1300 s−1 in the WT) but decrease steadily above this apparent
pKa to reach values of about 10 s−1 at pH 11.Fig. 7. pH titration of the rate constant of the ﬁrst electron transfer, kAB(1) (measured at
750 nm) in the RCs (∼1 μM) from the WT (■), the M234EH (□) and M234EL (◯)
variants. Conditions: 10 mM Tris, pH 7.8, 100 mM NaCl, 0.05% Triton X-100 and 25 μM
UQ6. The different buffers are described in the Materials and methods.3.6. pH dependencies of the H+/QA
− and H+/QB
− proton uptake
The pH dependencies of the H+/QA− and H+/QB− proton uptake
stoichiometries are presented in Fig. 9A and B, respectively.
The H+/QA
− pattern in the WT has been reported previously
[22, 23, 66]. In the pH range 6–8, about 0.3 H+ are taken up. Above pH
8, an increase of the proton uptake is observedwith a maximum value
of ∼0.45 H+ at pH 9. The situation is different in the two RC variants.
Below pH 8, the M234EH andM234EL RCs take up only slightly higher
H+ (∼0.35–04) than in the WT. However, above pH 8, the “high pH
band” observed in the WT collapses. This effect has been reported for
different RC variants (from R. sphaeroides and R. capsulatus) modiﬁed
at various sites in the cytoplasmic region.
The H+/QB− proton uptake pH dependence in the WT RCs from R.
sphaeroides has been reported previously [9,22,23,66]. We show here
the data in the pH range 6–10.1. Below pH 8, the H+/QB− proton
uptake is about 0.35 with an increase to 0.55 H+ at pH 6. Above pH 8, a
very substantial increase is observed, which has been denoted
previously as the “high pH band” [9]. Indeed, the H+/QB− values
reach ∼0.75 H+ in the pH range 9.25–10.1. In a similar way to the H+/
QA− curves, the high pH band observed for H+/QB− also collapses in
both M234EH and M234EL RCs. Again, this has also been reported for
different RC variants from R. sphaeroides and R. capsulatus. We shall
come back to these points in the discussion.
4. Discussion
We report here thermodynamic and kinetic analyses of two RC
variants modiﬁed at M234Glu, the residue that provides two ligands
to the non-heme iron atom [in addition to single ligands provided
by four histidines (residues L190, L230, M219 and M266)]. The
M234EH and M234EL RCs show important modiﬁcations in the
Fig. 9. Stoichiometries of proton uptake by the PQA− (A) and PQB− (B) states in Rb.
sphaeroides RCs isolated from the WT (■), the M234EH (□) and M234EL (◯) variants.
The data points presented are combined results obtained with a glass electrode and pH-
sensitive dyes. Conditions: 0.03% Triton X-100, 50 mM NaCl, buffer and dye depending
on pH (see Materials and methods). 300 μM ferrocyanide and 100 μM ferrocene were
added as electron donors to P+. (A), + 100 μM terbutryne; (B), + 75 μM UQ6.
Table 2
Change in the free energy level of the P+QA− state in the M234EH and M234EL RC
variants, as evaluated by the temperature dependence of kAP (last column of Table 1)
and by delayed ﬂuorescence from P+QA−.
Free energy difference Temperature dependence of
kAP (meV)
Delayed ﬂuorescence from
the P+QA− state (meV)
M234EH – WT 96±5 104±5
M234EL – WT 86±5 90±5
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proton uptake associated with the formations of the primary and
secondary semiquinones QA− and QB−, respectively. It is important
to note that previous studies of variants at the M234 site [48] have
suggested a lesser speciﬁcity for iron than is observed for the wild-
type RC (0.7 to 0.9 Fe/RC) with, however, a total metal content of
1.0 when Zn is added, as done in the present work. As reported
previously [67], this slightly different nature of the metal does not
affect the ET reactions within the protein provided that a divalent
metal cation is present. Moreover, it must be noted that preliminary
3D structure determinations of the M234EL and M234EH RC
variants have shown no changes in the metal (which is present
N90–95%) protein environment (Koepke, J., Hanson, D.K., Derrien,
V., Sebban, P. and Fritzsch, G., unpublished data).
4.1. Importance of M234Glu in the energetic balance between both
quinone sites
The increased kAP rates observed in the M234EH and M234EL RC
variants, together with their temperature dependences associated
with Arrhenius plots demonstrating a thermally-activated process,
suggest that the free energies of the P+QA− states in the variants havebeen increased so that these states no longer decay directly to the PQA
ground state by a tunneling effect.
The free energy gap between the P+HA− and P+QA− states before
any energy stabilization occurs has been evaluated by Gunner and
coworkers to be 0.65 eV. However, it has been shown that during the
time frame of the P+QA− charge recombination, a nearly 0.22 eV
energy relaxation takes place in the WT RCs from R. sphaeroides
putting the free energy gap, ΔG°M, between the P+QA− state and the
relaxed state of P+HA−, denotedM, to ∼0.43 eV [9,16,17,20,59]. In the
RC variants, the thermodynamic parameters derived from the
temperature dependencies of kAP (Fig. 3) produce ΔG°M values of
respectively 0.334±0.005 eV and 0.344±0.005 eV for the M234EH
andM234EL (Table 1). Therefore, in theM234EH andM234EL RCs, the
free energy level of P+QA− is found to be increased respectively by
∼96 (0.43–0.334) meV and ∼86 (0.43–0.344) meV at pH 7.5.
These values are in excellent agreement with those obtained by
delayed ﬂuorescence measurements for the free energy level of the
P+QA− state in regard to that of P⁎. Indeed, the results displayed in
Fig. 5 show at pH 7.5 a ΔG°P⁎A value of ∼918±3 meV for the WT,
830±5 meV for the M234EH variant and ∼848±5 meV for the
M234EL variant. For the free energy level of P+QA−, this suggests an
increase of 104 meV for the M234EH RCs and 90 meV for the M234EL
RCs. The comparison of the P+QA− free energy levels in theWT and the
variants, as estimated by the two methods (temperature dependence
of the kAP rates and delayed ﬂuorescence), are presented in Table 2.
It is noteworthy that the kBP rate constants are not or only weakly
affected in the variants (Fig. 2). kBP values for the M234EL RCs are
superimposed upon the WT values over the whole pH range
investigated. Since the difference between the P+QA− and P+QB−
free energy levels is directly associated with the ratio of kAP vs kBP by
the relation: ΔG°AB=−kBT·Ln(kAP/kBP−1) [52], it is likely that the
M234E→L mutation has the same destabilizing effect on P+QB− as it
does on P+QA−, leaving the free energy gap unchanged.
A slight increase of the kBP values is, however, observed in the
M234EH RCs. At pH 7.5, kBP is increased ∼1.3-fold (0.96 s−1 in theWT
and 1.29 s−1 in the M234EH). This suggests that the free energy gap
between the P+QA− and P+QB− states is reduced by kBT·Ln(1.3), i.e.
∼5meV. Therefore, in theM234EH RCs the P+QB− state is destabilized
by ∼104 + 5=∼109 meV if we take the delayed ﬂuorescence data,
and by ∼96+5=∼101 meV, if we take the temperature dependence
of the P+QA− charge recombination data.
A scheme taking into account the effects of the mutations on the
free energy levels of P+QA− and P+QB− is presented in Fig. 10.
According to these energy evaluations, M234Glu seems to play an
essential role in balancing the energy gap between the two
semiquinones.
The shift of the redox midpoint of QA/QA− to lower (more
negative) potentials [also reported in [48]] may be attributed to
slight changes of key interactions induced by mutation at M234. The
distance and direction of H-bond interactions of the two carbonyl
oxygen atoms with M219H and M260A are among the major factors
that determine the free energy of the primary quinone [68]. The
increase in ﬂexibility of the RC that might result from exchange of
M234E could lead to changes in the iron cluster including a shift of
M219H from the primary quinone to the iron atom. The increase in
the distance between heavy atoms O4 of QA and Nδ of M219H will
Fig. 10. Energy scheme showing the inﬂuence of the M234Glu→Leu and M234Glu→His mutations on the charge separation states at pH 7.5. For the P+QA− state we have used the
average of the values determined by delayed ﬂuorescence and temperature dependence of the P+QA− charge recombination (Table 2). The P+QB− energies are derived from the
P+QA− ones and from the kBP values determined in Fig. 2B, using Eq. (3). For clarity the free energy gap between P+QA− and P+QB− in the WT are not drawn in proportion.
Fig. 11. Comparison of the stoichiometries of proton uptake by the PQA− state in R.
sphaeroides reaction centers isolated from the WT (■), the M234EH (□) and M234EL
(◯) variants; from the L209PF (+), L209PE (×), L209 PW (✳) and L209PY (⊕) variants;
from the M266HA (◆) and M266HL (⋄) variants; from the L212EA (△) and L212EQ
(▲) variants. The data points presented are combined results obtained from both a glass
electrode and pH-sensitive dyes. Conditions as in Fig. 9.
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less stable semiquinone state. A similar decrease of the midpoint
potential was reported when M265I was mutated to T or S [63,69].
The observed effect was explained by slight deformation of the
polypeptide backbone that removed the O1 carbonyl of QA apart
from M260A. Combinations of other experimental approaches and
structure-based calculations would prove or disprove this concept
and judge the signiﬁcance of other possible effects (e.g. the H-bond
interaction of the two 2- and 3-methoxy oxygens of QA with their
(highly) different environments). This work is in progress.
The free energy difference between P+QA− and P⁎ in RCs isolated
from the wild type showed no pH dependence in the acidic and
neutral pH range and exhibited only a weak decrease in the alkaline
pH domain. This is in accordance with the lack of integer proton
uptake by QA− in the RC (it would result in−60 meV/pH unit slope)
and with the collective protonation of acid–base groups of the protein
distributed around the QB binding pocket (acid cluster) and in the
interquinone region [9]. The electrostatics of these groups stabilize
the light-induced QA− state in the acidic and neutral pH range.
However, in high pH region (pHN9), as a consequence of de-
protonation (proton rearrangement) of these groups, the electrostat-
ics of the surroundings become more and more negative and less
favorable for QA− stabilization. This is why a gradual decrease of the
free energy gap ΔGP⁎A is observed. Besides the structural changes
discussed above, removal of glutamic acid from the set of iron ligands
can cause a slight alteration in the protonation pattern as well.
Because not even a slight pH dependence of ΔGP⁎A is observed in the
M234EL and M234EHmutants, one can argue for the complete lack of
stabilization of P+QA− by inﬂuence of the electrostatics via proton
uptake or rearrangement of the extended network of protonatable
groups. In this control, M234E may also have a central role.
It is noteworthy that there is no pH dependence for the ﬁrst
electron transfer rate (Fig. 7) in the M234EH and M234EL RCs above
pH 8. It has previously been proposed that the protonation state of
L212Glu would trigger the pH dependence of kAB(1) observed in the
WT above pH 8 [64,65,70–74]. In support of this hypothesis, the
only case where the lack of a pH dependence of kAB(1) has been
observed up to pHN10 is in the absence of L212Glu, in R.
sphaeroides or R. capsulatus variants [49,65,72,73,75]. The absence
of M234Glu in the present work, leading to the same pattern,
suggests a strong interaction between the protonation states of
L212Glu and M234Glu. The pH dependence of kAB(1) in theM234EH RCs displays the same rate as the WT below pH 8, and
nearly the same up to pH 10.6. That suggests that L212Glu might
remain protonated in the full pH range when M234Glu is absent.
Electrostatics calculations together with FTIR spectroscopy should
help to investigate this hypothesis further.
Fig. 12. The proton sponge aspect of the RC: scheme presenting the cytoplasmic side of the RCs from R. sphaeroides (pdb 2J8C). The water molecules that could be involved in the
transient storage/conveying of the protons to QB are represented by blue, green or red balls according to their localisation within the L, M or H subunit, respectively. The residues
M234Glu, L209Pro, L212Glu and M266His whose H+/QA− proton uptake patterns are presented in Fig. 11 are also represented as participants in the delocalized proton storage
network. M249Ala is also shown as being localized in an important part of the protein since its mutation to Tyr restores the general proton uptake pH dependence when L212Glu and
L213Asp are absent [7]. The different possible entry points recently revealed by the high resolution structure of the protein [1] as well by residues/clusters conservation and graphic
analysis of the H-bond networks are presented in purple together with some of the involved entry residues (in red and green, for their respective belonging to the H andM subunits)
[9,11,12].
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The patterns of proton uptake that are displayed in Fig. 9A and B
for the M234EH and M234EL RCs are very reminiscent to what has
been reported previously for RCs from R. sphaeroides or R. capsulatus
strains in which different parts of the cytoplasmic side of the complex
has been genetically modiﬁed. Indeed the same collapse of the high
pH band of proton uptake (H+/QA− and H+/QB−) has been observed
in the following genetic variants: L212EQ, L212EQ + M231RC,
L212EA, L212EA/L213DA, L209PE, L209PW, L209PY, L209PF,
M266HA, and M266HL [5,7,9,49,51,76].
The existence of this proton uptake band at high pH has been
assigned to the collective interactions of protonatable residues and
water molecules forming a wide delocalized H-bond network [9]. The
absence of one member of this network results in the absence of this
band. This is also what we observe here in the M234EH and M234EL
RCs. Fig. 11 shows the superimposition of the H+/QA− proton uptake
curves from the WT, the M234EH and M234EL variants (this work)
together with previously measured dependencies form other var-
iants: L209PF, L209PE, L209PW, L209PY, M266HA, M266HL, L212EA,
and L212EQ. As observed in Fig. 11, there are no exceptions for the
collapse of the H+/QA− band at high pH, suggesting that L209P,
L212E, M266H and M234E, at least, are part of the delocalized proton
uptake network. In addition, the fact that this is observed upon
formation of QA− reinforces the idea of the importance of the
formation of this state in the remote triggering of the proton uptake
process to which it is intimately coupled (proposed as the gatingprocess for the ﬁrst electron transfer from QA− to QB [5,6,77]. Fig. 12
represents these residues, together with water molecules which have
previously been proposed as participating in the transient proton
storage and more recently in a wide multi-entry proton network
[1,11,12].
4.3. Conclusion
The more we know about the proton uptake and transfer within
the RCs, the more it seems that this complex acts as a proton
“sponge”. This protein complex does not appear to have a
“monopoly” on this process since what is observed here for bacterial
RCs seems to be shared by other membrane protein complexes such
as complex III of respiratory chain or cytochrome b/c1 from R.
capsulatus. In the latter case, the absence of speciﬁcity of residues
involved in the protonation of the Q0 site is observed, such that the
role played by any acid group can be largely taken over by other
residues or water molecules [78].
This lack of highly speciﬁc proton entry and pathways retained by
Evolution certainly helps to compensate for the lack of robustness of the
proton transfer process in proteins at variance to electron transfer
reactionswhich are robust, i.e., much less sensitive to protein variability.
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